Growth of Mycobacterium phlei under low oxygen tension resulted in specific activities two to twenty times lower for formate dehydrogenase, malate dehydrogenase, /I-hydroxybutyrate dehydrogenase, lactate oxidase and NADH dehydrogenase than when cultures were grown under high aeration. An increase in fumarate reductase and succinate dehydrogenase occurred with M . phleigrown under low oxygen tension. Malate : vitamin K dehydrogenase and glucose-6-phosphate dehydrogenase activity were not significantly affected by the oxygen tension used to grow the bacteria, and neither culture contained a lactate dehydrogenase. With growth of M . phlei in conditions of low oxygen tension, cytochrome a was not detected, but cytochrome b was prominent in membranes and cytochrome c was present in the soluble fraction.
Cytochrome assays. Reduced minus oxidized difference spectra on cell fractions were done according to the procedures of Falk (1964) . Potassium ferricyanide (1 5 pmol) was added to the reference cuvette to fully oxidize cytochromes and 2mg of sodium dithionite ml-l was added to the experimental cuvette to reduce the cytochromes. Absorbance was recorded from 630 to 400 nm with a Varian-Cary 219 recording spectrophotometer. These experiments for cytochrome analysis used 25 mg protein ml-l of clarified cell extract, 16 mg protein ml-I of membranes and 5 mg protein ml-I of soluble fraction.
RESULTS
The oxygen tension under which M . phlei was grown influenced the activities of some dehydrogenases and affected electron transport systems. Formate dehydrogenase, malate dehydrogenase and lactate oxidase activities were higher in cells grown aerobically than in cells grown under low oxygen tension (Table 1) . Succinate dependent reduction of DCIP was fourteen times greater in cells grown under low oxygen tension than in cells grown in aerobic culture. Malate : vitamin K dehydrogenase activities were similar in cells grown under both growth conditions. The oxygen tension during growth did not affect the distribution of these enzymes in the soluble or membrane fraction.
The effect of oxygen on M . phlei was also evident from the activities of NAD coupled dehydrogenases (Table 2) . NADH dehydrogenase, malate dehydrogenase and P-hydroxybutyrate dehydrogenase activities were 6 to 25 times greater in cells grown in aerobic culture than in cells from low oxygen tension. Glucose-6-phosphate dehydrogenase activity was essentially unaffected by the oxygen tension under which cells were grown. Approximately four times greater activity of fumarate reductase was observed in cells under low oxygen tension than in cells grown aerobically. While the greatest activity of fumarate reductase was seen in the membrane fraction, some activity was observed also in the soluble fraction (Table 2) . Lactate dehydrogenase and malic enzyme were not detected in either culture of M . phlei.
Growth of M . phlei under aerobic conditions resulted in the production of a, b and c-type cytochromes (Fig. 1) . Cytochromes of the a-type, which had an a-peak at 598 nm in the membranes of aerobically grown cells, were absent from cells grown under conditions of limited oxygen tension. In cells grown under low oxygen tension, peaks at 562,530 and 430 nm indicated The reaction mixture (1.5 ml) contained 0-06 M-MOPS/NaOH, pH 7-5, 0.03 M-substrate (sodium formate, sodium malate, sodium lactate or sodium succinate), 0.074 mM-DCIP, and clarified cell extract (5 mg protein), membrane fraction (3 mg protein) or soluble fraction (2 mg protein). Malate :vitamin K reductase was differentiate'd from malate dehydrogenase by measuring the increase in DCIP reduction in the presence of 0.04 mM-FAD. Incubation was at 25 "C for 10 min and specific activity is expressed as nmol DCIP reduced min-' (mg protein)-'. Each assay was done at least three times with results expressed as mean values, Replicate values did not vary-more than 5 % from the mean. The reaction mixture (1.5 ml) contained 0.06 M-MOPS/NaOH, pH 7.5, 0.03 M-substrate (sodium malate, sodium fumarate, or sodium salts of P-hydroxybutyrate or glucose 6-phosphate), 1.4 mM-NAD(P) or NAD + H+, 0.25 M-P-mercaptoethanol, and clarified cell extract (6 mg protein), membrane fraction (2 mg protein) or soluble fraction (3 mg protein). NADH dehydrogenase was measured by the addition of 1.0 mM-NADH, the elimination of P-mercaptoethanol from the above assay mixture and incubation of the reaction under aerobic conditions. Reaction mixtures were incubated at 25 "C for 10 min and specific activities are expressed as nmol NAD (P) that b-type cytochromes were present in the membrane fraction (Fig. 2) while peaks at 553,520 and 408 nm indicated that c-type cytochromes were present in the soluble fraction (Fig. 3) .
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D I S C U S S I O N
Some marked differences between M . phlei grown under low oxygen tension and M . phlei grown aerobically were evident in this study. When oxygen was the final electron acceptor a respiratory chain containing many of cytochromes was present, and multiple dehydrogenases generated electrons for the electron transport system (Asano & Brodie, 1964) . Under oxygenlimited conditions, electron acceptors other than oxygen must function. In this study, diminished activities of lactate oxidase, NADH dehydrogenase, formate dehydrogenase, malate dehydrogenase and P-hydroxybutyrate dehydrogenase were observed in M . phlei grown under low oxygen tension. Conversely, fumarate reductase activity was elevated. A high level of DCIP reduction with succinate in cell-free fractions could reflect, in part, contribution of fumarate reductase measured in the reverse direction. Perhaps fumarate functions as a final electron acceptor in M . phlei when it is growing under low .oxygen tension, in a manner similar to Escherichia coli and Vibrio succinogenes (Jones, 1982) . Since fumarate reductase systems in bacteria are cytochrome b linked (Jones, 1982) , cytochrome b detected in membranes of M . phlei grown under low oxygen tension may be important for fumarate reduction. If succinate is an end-product of respiration, this could explain acid production from carbohydrates with mycobacteria grown under low oxygen tension (Gillespie et al., 1986) .
Lactate oxidase activity was twenty times greater in aerobic cultures of M . phlei than in M . phlei grown under low oxygen tension. This dependence of lactate oxidase synthesis on oxygen is consistent with the inducible character of this enzyme in mycobacteria (see Ratledge, 1976 , for a review). Since lactate dehydrogenase was absent in the cultures of M . phlei, it is conceivable that appropriate conditions may be present in the cells to allow conversion of lactate to pyruvate as has been reported in controlled anaerobic experiments (Lockridge et al., 1972) . The low levels of lactate oxidase in cells grown under low oxygen tension make it unlikely that pyruvate would be produced by this enzyme under such conditions. From this study it is evident that the oxygen tension under which M . phlei grows has an influence on the type of cytochromes and respiratory coupled dehydrogenases produced. It will be important in future studies to determine the extent to which fermentation and fumarate respiration function in mycobacteria grown under low oxygen tension. Such studies will provide valuable information on the energetic capabilities of mycobacteria, help in the understanding of what are increasingly important microbes that can adapt to changes in oxygen tension and maybe elucidate the range of environments where mycobacteria may be found.
